Abstract: Bifunctional polybases of the partially quaternized poly Ndiethylaminomethyl)ethylene] type (Q(PTDAE),X, with X = percentage of N-quaternization) are able to catalyze various reactions including lipophilic reagents temporarily entrapped in the hydrophobic core of the globules. In this contribution it is shown that benzyloxycarbonyl (Z) and fluoromethyloxycarbonyl (Fmoc) protecting groups of peptides are cleaved at room temperature in a few minutes in an aqueous medium at pH 7,4. Deprotection was also effective when peptides were attached to solid supports of the Merrifield type provided a hydrophilic spacer arm of the poly(ethylene glycol)-type was inserted between beads and the built up peptide moieties. However, unhooking was observed when the hydrophilic spacerpeptide bond was an ester but not when it was of the amide type. The work shows that Q(PTDAE),X globules exhibit enzyme-like activity in a homogeneous aqueous medium and in heterogeneous systems as well.
Introduction
For many years, studies have been in progress in order to promote the catalysis of organic reactions in aqueous media. One of the actual tendencies is using nanosized supra-molecular systems. Such systems are usually made of amphiphilic molecules composed of hydrophobic and hydrophilic moieties and dispersed in water, thus forming organic nanosized hydrophobic microdomains. Vesicles, lipid membranes, monolayers, microemulsions and micellar systems belong to this category. Physically and chemically distinct from the aqueous continuous phase, these hydrophobic microdomains are able to accommodate lipophilic molecules that are normally sparingly soluble in water. The overall result is an apparent increase of solubility of lipophilic molecules in aqueous media. Lipophilic microdomains have also been occasionally used as catalytic microreactors. In the case of polymer-based systems, examples were reported for different polymer families, namely poly(ethyleneimine) [1] [2] [3] [4] [5] [6] , poly(vinylimidazole) [7] [8] [9] [10] [11] , poly(vinylpyridine) [12] [13] and poly(diallylamine) [14] [15] [16] . Although the magnitude of the catalytic activity was generally not much higher than that of the parent hydrophilic polyelectrolytes, the presence of hydrophobic microdomains and of catalytic groups was considered as a critical factor to increase reaction rates.
More than twenty years ago, it was shown that partially quaternized tertiary amine polymers of the poly[thio-1-(N,N-dialkylaminomethyl)ethylene]-type, namely [Q(PTDAE),X] (where X stands for the percentage of N-methylation), exhibit an outstanding conformational behavior characterized by a reversible cooperative globule-to-coil transition of the all-or-none type. The transition occurs close to neutral in a very narrow range of pH values, provided X is in the range 7-25% ( Fig. 1 ) [17] . The core of the globules forms an organic nanosized organic domain comparable to the core of a micelle, but it results from the collapse of only one macromolecule. Accordingly, the globules can accommodate lipophilic molecules as shown in the case of hydrophobic compounds with low aqueous solubility such as progesterone, β-estradiol and griseofulvine [18] [19] .
More recently, globular Q(PTDAE),X macromolecules were shown to be able to catalyze several reactions in water that involved poorly water soluble small molecules, e.g. Schiff base hydrolysis, 2,4-dinitrochlorobenzene hydrolysis yielding 2,4-dinitrophenol. In the latter case, the rate of hydrolysis was increased by 4 orders of magnitude, the reference being the same polymer under its open-coil form [20] . Last but not least, Q(PTDAE),X globules were shown to be able to catalyze the deprotection of N-butoxycarbonyl-L-Leucine-p-nitrophenyl simultaneously at both extremities. The hydrolysis rate was 3 000 times greater than when the open-coil form was used at a similar pH [21] .
In this work, we examined the potential of globular Q(PTDAE),16 in the field of peptide deprotection in order to determine whether water insoluble protected peptides can be deprotected in water. Since peptide synthesis is currently performed on polymeric beads according to Merrifield, deprotection was also attempted in the case of a peptide attached to the support. To overcome the adsorption of the hydrophobic peptide onto the bead surface, a resin support where the peptide was separated by a hydrophilic spacer arm was also considered.
Experimental part

Materials
Polymers: Copolymers Q(PTDAE),16 were prepared from the parent poly[thio-1-(N,N-dialkylaminomethyl)ethylene] according to a procedure described in details in ref. [17a] Peptides: Z-Leu-Gly-OBzl and Z-Ala-Phe-NH 2 were synthesized following protocols described in ref. [24] Resins: The p-methylbenzylhydrylamine HCl resin was from France Biochem (France). The hydroxymethyl-polystyrene resin was from Novabiochem (Germany). The fluorenylmethyloxycarbonyl-poly(ethylene glycol) polystyrene resin was from Biosysteme GmbH (Germany).
Methods
Static deprotection
In all experiments with free peptides, a 25 µl solution of dipeptide in acetonitrile was introduced in a 3 ml aqueous solution of copolymer. The copolymer concentration (in monomeric units) was 1,2·10 -2 mol/l and the substrate concentration was 1,2·10 -5 mol/l as described in literature for similar experiments [20] . The setting schematized in Fig. 2a was used to monitor the advances of the deprotection reaction by potentiometry.
Dynamic deprotection
Ultrafiltration was achieved using a cell equipped with a 10 000 Dalton cut-off Amicon YF10 membrane.
Deprotection on beads
The polymer catalyst was always introduced under its hydrochloride form. Because the catalytic activity of Q(PTDAE),16 was strongly affected by the presence of CO 2 , all the experiments involving the polymer had to be performed under nitrogen according to ref. [20] . Hydrolysis was carried out in the setting described in Fig. 2b in which a continuous flow of solution was generated by a peristaltic pump, a filter retaining resin beads inside the reactor. In the case of Fmoc protection, a fluorescence spectrometric detector (λ ex = 265 nm, λ m = 309 nm) replaced the potentiometric electrode to detect the release of the fluorenyl moiety.
Analyses
Thin layer chromatography (TLC) was used to monitor reaction advances. Ethyl acetate/hexane 50/50 v/v at a 1 ml/min flow rate was the mobile phase.
Ninhydrin and cresol blue were used to identify amino and carboxylic groups, respectively, according to typical protocols. For the semi-continuous process, products dissolved in distilled water were analyzed by Circular Dichroism CD6 Jobin-Yvon (France), or by HPLC through a 150 mm x 3,9 mm Deltapak Waters C18 column, the solvent gradient varying from 100% water-0,1% trifluoroacetic acid (TFA) to 100% acetonitrile-0,1% TFA within a 50 min period at a flow rate of 1 ml/min. Eluted compounds were detected by UV spectrometry at both 214 nm and 254 nm. The extent of the reaction was expressed in terms of the area of the deprotected peptide HPLC peak to the area of all peaks. 
Results and discussion
Peptide synthesis is generally based on the use of protective and activating groups, even for small peptides. Carboxylic groups are usually protected under the form of esters by methyloxy (OMe) or benzyl (OBzl) groups or by more specific groups like N-dibenzylglycolamino (OBg) [22] [23] . Amino groups are generally protected by benzyloxycarbonyl (Z), tert-butyloxycarbonyl (Boc) or fluoromethyloxycarbonyl (Fmoc) groups [23] .
Deprotection usually requires acidic or basic conditions and is carried out in organic media. Since the deprotection of N-butoxycarbonyl-L-Leucine-p-nitrophenyl has already been successfully achieved at pH 7,4 in water in the presence of globular Q(PTDAE),16 [21] , attempts were made to investigate the possibility of using the same globular system to deprotect other protected amino acids and oligopeptides, and also to cleave protecting groups other than Z and p-nitrophenol (PNP).
Deprotection of peptides in solution
All selected substrates were hydrophobic compounds with low solubility in water. The Q(PTDAE),16 polymer was introduced in large excess (typically the ratio monomeric unit/protected peptide ≈ 100) as recommended in literature [20] . Ultrafiltration was used to separate low molecular mass molecules and ions from the polymeric catalyst molecules.
The case of Z-Leu-Gly-OBzl
In this substrate, the leucine amino function was protected with a Z group and the carboxylic function as OBzl ester. Deprotection was monitored by TLC, starting from a 10 -5 mol/l substrate solution in water at pH 7,4. Three spots were observed when eluting with a 50/50 v/v ethyl acetate/heptane mixture for 15 min. These spots corresponded to Z-Leu-Gly-OBzl, benzyl alcohol and the fully deprotected H-Leu-Gly-OH as shown after ninhydrin and cresol blue tests. After 2 h only the spots corresponding to benzyl alcohol and H-Leu-Gly-OH remained, thus showing that Z and OBzl protections were totally removed.
In a second stage, higher amounts of peptides were prepared using a previously reported dynamic method in which the hydrolysis reaction was performed in an ultrafiltration cell to allow extraction of the product of the reaction stepwise with concomitant reloading of the system in substrate. For this, a semi-continuous system was set up as already reported [20] . First, the protected peptide was added to the polymer solution in order to obtain a final peptide concentration higher than that selected for static experiments, i.e., 10 -4 mol/l instead of 10 -5 mol/l. Since the solubility of the protected peptide in water was approximately 5·10 -5 mol/l, the solution was initially whitish. After 30 min, the solution turned transparent due to the formation of the more soluble deprotected peptide. When the solution became clear, a novel aliquot of the protected peptide was added to bring the concentration in substrate back to the original one. The process was repeated seven times until the introduced substrate amounted for 1,9·10 -3 mol/l, i.e. a concentration a hundred times greater than in the case of static conditions. The optical activity of the starting peptide and of the recovered compound was determined by Circular Dichroism (CD) in comparison with that of the expected dipeptide, namely Leu-Gly (Fig. 6a, b) . Data are shown in Fig. 3 . This technique being specific of optically active groups, the optically inactive polymer was not detected. The spectrum of the recovered product presented a positive signal at 210 nm (Fig. 6c ) that corresponded to the fully deprotected peptide, in agreement with TLC findings. The case of Z-Ala-Phe-NH 2 To evaluate the deprotection rate of the Z group alone, a Z mono-protected peptide amide, Z-Ala-Phe-NH 2 , was considered. Under dynamic conditions, only a few percent of the peptide were deprotected after a few hours. The failure could have different origins: i) a relatively greater solubility of Z-Ala-Phe-NH 2 in water as compared to Z-Leu-Gly-OBzl, ii) a greater affinity of the deprotected peptide to the globule core due to the presence of a hydrophobic phenylalanine residue, iii) an inhibiting effect of CO 2 generated by the reaction as previously suggested [17b], or iv) a combination of these different phenomena.
In an attempt to improve the reaction rate and to identify the influencing factors, deprotection was performed under various conditions, namely in a flask under air or nitrogen atmosphere, under nitrogen flow and in an ultrafiltration cell under nitrogen flow, with the aims of minimizing the effect of the generated CO 2 and improving the extraction of the reaction product from the core of the globules. Data are shown in Tab. 1. The percentage of deprotection, R, was low under air and under static nitrogen atmosphere. It was slightly increased to 9% under nitrogen flow, thus confirming that CO 2 acted as inhibitor, despite the small generated amount. When ultrafiltration cell and nitrogen flow were combined, an important increase of the deprotection yield was observed. Finally, under the selected conditions, 200 µg of peptide could be hydrolyzed within 48 h, i.e. ten times more than without ultrafiltration and nitrogen flow. 
Deprotection of a resin-supported peptide
In practice, peptide synthesis is usually performed through resin-supported reactions. Q(PTDAE),16-catalyzed dipeptide deprotection in homogeneous medium being feasible, it appeared of interest to check whether Q(PTDAE),16 globules could be active on protected peptide attached to the surface of a resin bead Boc and Fmoc are the most widely used protecting groups. Boc is usually cleaved in acidic conditions, e.g. in the presence of trifluoroacetic acid. In contrast, the cleavage of Fmoc requires basic conditions. At the end, the bond between the resin and the deprotected peptide has to be cleaved to liberate the peptide. This last hydrolysis is usually performed in the presence of hydrofluoric acid.
The case of a resin-supported peptide without a spacer arm
In supported peptide synthesis, the most commonly used support consists in functionalized polystyrene (PS) beads also named Merrifield resins. The resins are differentiated by the nature of the bead-peptide bond that is hydrolyzed at the end of the synthesis. Merrifield resins based on amide and ester linkages, respectively, were compared. Protective group medium for 12 h under nitrogen flow. After 12 h, the resin was separated by filtration on a 0,22 µm filter, and the extent of deprotection was evaluated by analysis of the resin using a Kaiser test, and by TLC applied to the solution. At that time, the Kaiser test was negative. TLC analysis confirmed the absence of reaction since neither benzyl alcohol, nor Leucine, nor Z-leucine was detected. The failure was assigned to the fact that the resin stayed aggregated during the reaction, floating at the surface, i.e. under conditions precluding a good contact between the hydrophobic surface of the beads where the peptide was probably adsorbed, and the catalytic globules well dispersed in the aqueous medium. The probability for a globule to be in contact with the peptide was thus very low as illustrated in Fig. 4a .
As it was shown that globular Q(PTDAE),16 is stable in 80/20 v/v water/methanol mixtures, deprotection was attempted in this medium. The beads appeared better wetted and floated inside the solution, but they remained aggregated and deprotection failed again (Fig. 4b) .
Ester bead/peptide linkage (hydroxymethyl-polystyrene resin)
Attempts to deprotect the peptides Fmoc-Gly-O-PS and Fmoc-Leu-O-PS failed in both the aqueous and the 80/20 water/methanol media, the beads behaving as in the previous case in so far as wettability was concerned.
The case of a resin-supported peptide with a PEG spacer arm
To overcome the shortcoming due to the lack of wetting, a commercially available resin with a hydrophilic poly(ethyleneglycol) (PEG) spacer arm was tested. As in the case of regular Merrifield resins, the peptide was linked to the polymer via either an ester (TGA-Novasyn resin) or an amide bond (PAL resin).
Ester bead+spacer arm/peptide linkage (fluorenylmethyloxycarbonyl-PEG)
In TGA-Novasyn resins, the amino acid is linked to the resin by an ester bond as shown below. Two protective groups (Fmoc and Z) were tested. 
Fmoc-Gly-Novasyn
Resin beads (10 mg) were poured into the aqueous solution of Q(PTDAE),16. Total dispersion was obtained after a few minutes stirring thus showing a better wetting than in the case of regular Merrifield beads. The hydrolysis reaction was monitored by measuring the fluorescence at 309 nm due to the cleaved Fmoc moieties. Fig. 5a shows a typical deprotection kinetics profile. The plateau is characteristic of a saturation effect as in the case of enzymatically catalyzed reactions. Some of the reactions catalyzed by polymeric systems that are mentioned in literature have been reported to obey Michaelis-Menten law:
where C is the initial concentration of the protected peptide, dC/dt is the rate of elimination of the product, and V m and K m are the maximal rate of the enzymatic reaction and the Michaelis-Menten constant, respectively. 
where ∆C/∆t stands for the variation of concentration during the period ∆t, and C m is the concentration at half the ∆t period, the variation of the absorbance (A), which is proportional to concentration changes, was measured and applied to Eq. (2) that led to a linear plot as shown in Fig. 5b .
Assuming complete reaction after 90 min, the concentration in deprotected peptide was 2,16·10 -4 mol/l and the value of the Michaelis-Menten constant was K m = 2,95·10 -4 mol/l at pH 7,4 and 25°C. The success of the deprotection showed that the peptide and its protecting group were accessible to the globules at the end of the solvated PEG arm, as schematically represented on Fig. 4c . A TLC analysis of the reaction products was also performed. Free glycine was detected, thus showing that the link between the amino acid and the PEG spacer was hydrolyzed too. Therefore, Q(PTDAE),16 globules appeared capable of cleaving simultaneously the bead-PEG/ ester bond and the Fmoc-NH one according to Scheme 1.
The potency of the polymeric catalyst was also tested against the Z-Gly-Leu-OH dipeptide. It is worth to note that the Z group is not used in resin-supported peptide synthesis because it is difficult to remove it from the solid support, although it is a very convenient N-protecting group for amino acids. Monitoring the cleavage of Z groups was more complicated than that of the Fmoc groups, because of the absence of fluorescence. After 8 h, TLC analysis showed the presence of free dipeptide GlyLeu at R f = 0,1 -0,6, according to cresol blue and ninhydrin tests. There was no free glycine nor leucine detected. Therefore it was concluded that deprotection as well as unhooking of the dipeptide occurred simultaneously. As the amide bond between Leu and Gly was not affected by the polymer catalyzed deprotection, another type of resin was considered on which the peptide was bound to the resin via an amide bond.
Amide bead+(spacer arm/peptide) linkage
The resin was commercially supplied with a Fmoc group at the end of the spacer arm. Glycine and isoleucine were bound to the resin according to usual activation/ protection processes. The resin beads were then in the following form:
with R = H (Gly) and R = (CH 3 In both cases, cleavage of the Fmoc group was observed and data followed the Michaelis-Menten law with K mL = 2,1·10 -4 mol/l (for Leu) and K mG = 3,3·10 -4 mol/l (for Gly). According to TLC analysis, there was no free amino acid liberated in the solution thus showing the resistance of the spacer arm/amino acid amide bond, in agreement with the resistance of the peptide bond found above for the H-Gly-Leu-OH dipeptide. In this case, deprotection occurred without unhooking of the peptide.
Conclusion
This study allowed us to confirm the versatility of the catalytic activity of the Q(PTDAE),X bifunctional polyelectrolytes globules. We have shown that Z and Fmoc protecting groups can be cleaved in an aqueous medium. Data obtained with an ultrafiltration device suggested that a rather large quantity of amino acid can be deprotected. Deprotection was also conducted directly on solid supports provided a hydrophilic spacer arm allowed the presentation of the bound peptide to the globules in solution. Last but not least it has been shown that deprotection and unhooking from the beads can be achieved provided the peptide compound was bound to the hydrophilic spacer arm via an ester bond.
It is the first time that such enzyme-like catalytic reactions are achieved with monomolecular globules of synthetic origin whose physico-chemical behavior resembles very much that of natural enzymes.
